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Introduction
Vacuum based devices, such as Photo Multiplier Tubes (PMT) and Micro Channel Plates (MCP), have been for many years the sensors of choice for most applications calling for photon counting and timing (Renker, 2004) . While providing very good sensitivity, noise and timing characteristics, these photodetectors feature a number of disadvantages: they are bulky, fragile, and sensitive to magnetic fields; they require very high operation voltages, and have large power consumption; in their high-performance models, providing good spatial resolution, they are still very expensive. For high-sensitivity imaging applications, suitable solutions are represented by CCD cameras coupled with either MCP Image Intensifiers (I-CCDs) or Electron Multipliers (EM-CCDs) (Dussault & Hoess, 2004) . However, besides being very expensive, their performance is not completely satisfactory in extreme time resolved measurements. For reasons of cost, miniaturization, ruggedness, reliability, design flexibility, integration density, and signal processing capabilities, a fully solid-state solution (and, particularly, CMOS technology) would be highly desirable. Among the advanced CMOS image sensors so far reported, the most promising ones in terms of high sensitivity and fast timing are those based on Single Photon Avalanche Diodes (SPADs). SPADs are avalanche photodiodes operated in the so-called Geiger mode, i.e., biased above breakdown, so as to be sensitive to single photons . Although these sensors have been developed for more than 30 years, in particular owing to the group of Prof. Cova at Politecnico di Milano, and single devices have reached outstanding performance (Ghioni et al., 2007) , only recently the perspective of making a SPAD-based camera has become feasible. The first SPAD-based pixel arrays in CMOS technology have been demonstrated only a few years ago (Rochas et al., 2003a) , but since then further developments rapidly followed, also facilitated by the availability of commercial, High-Voltage CMOS technologies (HV-CMOS) aimed at integrated circuits for power electronics, as well as of specially tailored "imaging" processes, which have been boosted by the huge market of mobile phone cameras. As a result, also submicron CMOS technologies with ever decreasing minimum feature size, down to 130nm, could be used for SPAD fabrication. The electro-optical characteristics of CMOS SPADs are not optimized in some respects, but their monolithic integration with readout electronics might offer several advantages for the design of low-cost and high-performance fully integrated imaging systems with timeresolved, single-photon detection capabilities. These devices can be used in many application fields: imaging in extreme low-level light conditions (night, caves, …), real time imaging of the motion of natural gravity-driven flows (snow avalanches, landslides, …), ranging and three-dimensional vision, biomedical and molecular biology (single molecule spectroscopy, luminescence microscopy, fluorescence lifetime imaging, etc.), scintillation detection in nuclear medicine (SPECT -Single Photon Emission Compute Tomography; PET -Positron Emission Tomography) and particle/nuclear physics, quantum cryptography, astronomy, adaptive optics, non invasive testing of VLSI circuits, to cite but a few. While a considerable number of CMOS image sensors based on SPADs have already been presented, CMOS Avalanche Photodiodes (APDs) operating in the linear regime have not evolved to the same extent. Only a few successful implementations have been proposed so far, and large arrays are not available yet. These devices could be interesting for some applications, especially in the detection of blue and UV light, where the noise factor of the device is small, whereas at larger wavelengths the noise is normally higher. In this Chapter, after reviewing basic operation principles, figures of merit, and state-of-theart, we report on the design and experimental characterization of both Geiger-and linearmode avalanche photodiodes devices fabricated in different submicron CMOS technologies. The electro-optical properties are evaluated, underlining the impact of technology scaling on the device characteristics. Moreover, we discuss the main design issues relevant to integrated read-out channels for SPADs to be used in active pixel sensor arrays for highsensitivity imaging applications.
Operation principle
Avalanche photodiodes are p-n junction photodiodes purposely made to be operated at high electric fields in order to achieve an internal gain. In reverse biased photodiodes, the electric field increases with the applied voltage, causing the drift velocity and kinetic energy of charge carriers injected in the depletion region to increase. By doing so, an electron (or a hole) can reach an energy high enough to break a bond when colliding with lattice atoms, thus generating a new electron-hole pair, and losing part of its energy in this process, which is called impact ionization (Sze & Ng, 2007) . Both the original carrier (electron or hole) and the secondary electron and hole will be accelerated by the electric field and possibly contribute to the generation of more electron-hole pairs, this resulting in a positive feedback loop which gradually increases the overall number of carriers, hence the term avalanche. Note that this applies both to optically generated carriers and to carriers generated by any other mechanism (e.g., thermally generated carriers). The magnitude of the avalanche phenomenon is governed by two concurrent factors: the carrier ionization rates, which are defined as the number of pairs created by a carrier per unit distance travelled, and the rate at which electrons and holes leave the high-field region and are collected at the device electrodes (Aull et al., 2002) . Ionization rates are strongly increasing with the electric field. Although in silicon electrons have a higher ionization rate than holes, on average an electric field value of about 3×10 5 V/cm is required to create one electron-hole pair per 1 μm travelled. For bias voltages below the breakdown voltage, ionization rates are balanced by the extraction rate, so that carrier concentration and output current are increased by a finite multiplication factor or gain, M, normally in the range between a few tens and a few hundreds. This is the case of linear-mode APDs, which provide an output current proportional to the impinging light intensity. For bias voltages beyond the breakdown voltage, ionization rates are so high that the extraction rate does not keep pace with them, so that the carrier concentration and output current increase to very high values. This is the case of Geiger-mode APDs, also known as SPADs. These concepts can be better appreciated with the aid of Fig. 1(a) , which shows a sketch of the quasi-static current-voltage curve and of the corresponding gain-voltage curve. As the voltage reaches V APD , the current starts increasing due to onset of multiplication phenomenon, and then tends to diverge as the voltage exceeds the breakdown voltage V BD . Correspondingly, the gain starts being larger than 1 in linear mode avalanche, and virtually tends to infinite in Geiger mode (practical values can largely exceed 10 6 ). Fig. 1(a) represents the quasi-static (i.e., averaged on time) behaviour, as could be measured with a semiconductor parameter analyzer. When considering the device operation beyond breakdown, it is necessary to consider the dynamic behaviour, which can be explained with the aid of Fig. 1(b) . When a SPAD is biased beyond the breakdown voltage (the difference between V BIAS and V BD is called the excess voltage, V ex ), it will stay in an OFF state for a short time, until a carrier (electron or hole) will trigger an avalanche event bringing the device into its ON state. The corresponding current pulse would be self-sustaining at a very large value limited by an intrinsic resistance due to space charge effects. Nevertheless, in order for the SPAD to be useful as a photodetector, the avalanche current must to be turned off by using proper quenching mechanisms, able to reduce the bias voltage down to or below the breakdown point, and to finally restore it to its initial value, so that a new incoming photon can be detected . In other words, the device is operated in a binary mode: the avalanche can be sensed using a comparator (as simple as a logic inverter in some cases), so that single photons can be detected and counted, but the need for quenching/recharging introduces a dead time between two consecutive events. The simplest way to quench the avalanche is by means of a high ohmic resistor in series with the SPAD (Fig.1(c) ), so that the voltage drop caused by the avalanche current lowers the SPAD bias down to the breakdown point. More effective solutions exploit specially designed Active Quenching Circuits (AQC), which are feedback circuits able to sense the avalanche pulse and to control the activation of quenching and recharging blocks, such as switches ( Fig.1(d) ).
Figures of merit
As far as linear-mode APD are concerned, the figures of merit are essentially the same as for standard photodiodes (e.g., quantum efficiency, dark current, bandwidth, etc.), apart from the fact that the gain M, defined as the average number of electron-hole pairs per absorbed photon, is higher than one. However, due to the statistical nature of impact ionization processes, the actual number of electron-hole pairs per photon varies and these fluctuations in the gain result in a multiplication noise that is higher than that simply obtained by considering the shot noise associated to M times the photocurrent. This effect is normally characterized by the excess noise factor, F, which depends on the gain and on the ratio between the ionization coefficients of electrons and holes, k (McIntyre, 1966) . Since F is increasing with M, this sets an ultimate limit to the gain value in order for the signal-tonoise ratio not to be degraded by the multiplication noise. For SPADs, due to the substantially different operation mode, a specific set of performance parameters should be introduced, as reported in the following. a. Dark Count Rate (DCR). A dark count is an avalanche event caused by non photogenerated carriers, which can be originated from four factors (Haitz, 1965) : diffusion from neutral regions, thermal generation, band to band tunnelling or by release from a charge trap (see also afterpulsing). The per-second rate at which dark counts occur is the DCR in Hertz. DCR would scale with device area, but in real implementations is generally reported as exhibiting a steeper than exponential profile. DCR increases exponentially with temperature and therefore may be reduced by using cooling methods such as thermoelectric Peltier elements or by forced air-cooling. DCR also varies linearly with the electric field strength because of the increasing avalanche initiation probability. b. Afterpulsing. Charge traps due to unintentional impurities and crystal defects can result in generation-recombination (GR) centres. The high current peak through the junction during an avalanche breakdown introduces a probability that the trap is filled by a carrier which is then later released, initiating a second, follow-on Geiger 'after-pulse' (Haitz, 1965) . Trap occupancy has an associated lifetime. Traps located halfway between the valence and conduction bands, called 'deep traps' have longer lifetime and are therefore a major contributor to afterpulsing. For this reason manufacturing processes should be kept as clean as possible (e.g., by means of gettering techniques), and charge flow during an avalanche event should be minimised by proper design of the quenching circuits.
c. Photon Detection Efficiency (PDE). The PDE is the percentage of incoming photons that create an output pulse over an incident light bandwidth. The probability of a photon arrival causing an output pulse is reduced by three main factors: reflectance, absorption, and self-quenching. Firstly, an incoming photon may be reflected at the surface of the device or at the interface between the many layers that constitute the optical stack of the detector. An antireflection top coating should ideally be used to maximise photon transmission through the optical stack. Secondly, a photon may be absorbed above the SPAD within the optical stack materials, just at the surface of the active region, or too deep within the silicon substrate in order to initiate an avalanche. Thirdly, an avalanche event may be initiated but stall, becoming self quenched. Such an event may not yield enough potential difference in order to trigger an output pulse. Self-quenching can be minimised by ensuring a high enough electric field is present, so as to increase chance of impact ionization taking place. d. Timing resolution (Jitter). When a SPAD is struck repetitively with a low-jitter, shortpulsed laser, the position in time of the resulting avalanche breakdown pulses has a statistical variation. The timing resolution, or 'jitter' of the detector is the full-width, half-maximum (FWHM) measure of this temporal variation. Among the timing resolution components are the variation caused by the generated carrier transit time from depletion layer to multiplication region, which is dependent on the depth of absorption of the incident photon (as a guideline, the transit time at carrier saturation velocity is 10ps per micron), and, more important, the statistical build up of the avalanche current itself (Ghioni et al., 1988) . This is impacted by the electric field strength, and so jitter may be minimised by employing high overall bias conditions. In larger area SPADs, also the timing uncertainty introduced by the avalanche lateral propagation can be non negligible. The shape of the histogram of avalanche events in response to a time accurate photon arrival provides information regarding the location and speed of avalanche build up. A predominantly Gaussian shape indicates that the bulk of photon initiated avalanches occur in the high field active region of the detector, whereas the presence of a long tail indicates that part of the avalanche events are initiated by photon-generated carriers diffusing into the high field region of the detector after a short delay (in this case the timing response at full-width 100th of maximum is often reported). Of course the method employed for detecting the onset of an avalanche event is of high importance, and the readout circuit should be designed to minimize time walk effects. e. Dead time (T D ). The SPAD is not responsive to further incoming photons during the period comprising the avalanche quenching and the reset of the final bias conditions (Haitz, 1964) . However, in the case of a passively quenched SPAD this is not strictly the case. As the device is recharged via the quenching resistor (a phase that can last from several tens to a few hundreds of nanoseconds), it becomes increasingly biased beyond its breakdown voltage, so that it is able to detect the next photon arrival prior to being fully reset. This behaviour is coupled with a significant fluctuation in the reset waveform. Clearly the dead time should be kept as small, and as consistent as possible in order to achieve the highest possible dynamic range of incident photon flux and least variation in photon count output to a certain photon arrival rate. In this respect, active quenching circuits offer the best performance with short and well-defined dead times and high counting rates. However, short dead times are often accompanied by enhanced afterpulsing probability due to inadequate trap flushing time.
f. When dealing with arrays of SPADs, other parameters become significant. Among them are Fill Factor and Crosstalk. The active area of a SPAD is the central photon-sensitive portion of the detector. The electric field strength should be consistent across this part of the structure, so as to yield a homogenous breakdown probability. Zones that exhibit higher field strength will exhibit locally higher photon detection probability and dark count compared with the rest of the active area. Such zones should be avoided by proper design solutions, such as guard rings. The proportion of active region area to total SPAD area is the Field Factor (FF) and is commonly expressed in percent. Crosstalk between adjacent SPADs can occur in two ways. Firstly, a photon absorbed deep in one detector may result in a lateral diffusion of carriers to an adjacent device where an avalanche can be initiated. Secondly, an avalanche event may result in an electro-luminescent emission of photons that are then detected by an adjacent detector (Lacaita et al., 1993a) . Electrical and optical crosstalk can be minimised by detector design introducing proper electro-optical isolation structures, at the expense of a reduction in the active area (Sciacca et al., 2006) .
State of the art 4.1 Geiger-mode APD (SPAD)
SPADs can be traced back to the deep planar/reach through structures created in the 1960's (McIntyre, 1961; Ruegg, 1967; . These large, deep junction devices and their subsequent developments required high reverse bias voltages and were stand-alone structures incompatible with other circuit elements. Perkin-Elmer, Rockwell Science Center and Russian research groups have all since contributed to the development of these devices, as well captured in (Cova et al., 2004; Renker, 2006) . Apart from III-V devices and silicon reach-through structures (not suited to arrays), that are not covered in this chapter, the state of the art in modern SPADs may be described in terms of manufacturing process employed and construction details. Three main process categories can be distinguished: i. CMOS compatible, full custom processes, optimized to yield the best possible performing single detector element (e.g., Lacaita et al., 1989) : among the adopted features are low implant doping concentrations, slow diffusion and annealing steps to minimise silicon lattice damage, gettering phases and embedded constructions to improve DCR and crosstalk. These implementations allow for small size arrays (Zappa et al., 2005; Sciacca et al, 2006 ), but are not compatible with very large-scale integration (VLSI) of on chip circuitry. ii. High voltage CMOS processes: both single detectors and arrays have been implemented with this approach, together with quench circuitry (Rochas et al., 2003b; Stoppa et al., 2007) and single channel Time Correlated Single Photon Counting (TCSPC) systems (Tisa et al., 2007) , but the scope for large scale integration is limited. iii. Standard CMOS processes, without any modifications to the layers normally available to the designer. While providing great potential for VLSI integration and low cost, thus enabling new applications, this approach has to cope with the limitations imposed by the shallow implant depths, high doping concentrations, non optimized optical stacks, and design rule restrictions in advanced manufacturing processes. For this SPAD category, examples have been reported featuring: high DCR, even up to 1MHz, most likely due to tunnelling (Niclass et al., 2006; Gersbach et al., 2008) and/or to crystal lattice stress caused by shallow trench isolation process (Finkelstein et al., 2006a) ; low PDE (Faramarzpour et al., 2008; Marwick et al., 2008) , possibly due to non optimized optical stack. As far as construction details are concerned, the essential features of a SPAD are the method of formation of the guard ring, the overall shape (i.e. circular, square, others), active area diameter and the diode junction itself. Today's nanometer scale processes provide features such as deep well implants and shallow trench isolation (STI) that may be utilised in detector design. Additionally some custom processes provide features such as deep trench isolation, buried implants, and scope for optical stack optimisation. Even in the very first samples by Haitz and McIntyre, premature edge breakdown was addressed by an implant positioned at the edge of the junction active region, and hence the first SPAD guard ring was created. State of the art SPAD constructions can be grouped according to the method of implementation of the guard ring, as discussed in the following with the aid of Fig.2 (different constructions are discussed with reference to the different cross sections shown in Fig.2 from (a) to (f)). a. First introduced for the purposes of investigating microplasmas in p-n junctions under avalanche conditions , the diffused guard ring is a lower doped, deeper implant at the device periphery able to reduce the local electric field strength. This construction has since been implemented by several research groups (Cova et al., 1981; Kindt, 1994; Rochas et al., 2002; Niclass et al., 2007) . Whilst enabling a low breakdown voltage using implants that are commonly available in most CMOS processes, this structure has several limitations. Firstly, when implemented in a modern CMOS process, the high doping concentration, shallow implants lead to a high electric field structure, resulting in a high DCR due to tunnelling as predicted by (Haitz, 1965) , confirmed by (Lacaita et al., 1989) and also recently reported in (Niclass et al., 2007) .
P-substrate
Secondly, if long thermal anneal times are employed in relation to the guard ring implant, the resultant field curvature around this key feature creates a non-uniform, dome-shaped electric field profile, peaking at the centre of the device. This in turn implies a breakdown voltage variation across the active region, which strongly affects the homogeneity of the photon detection efficiency (Ghioni et al., 2007) . Thirdly, the increase of the quasi-neutral field region at the detector edge promotes late diffusion of minority carriers into the central high-field region, resulting in a long diffusion tail in the timing resolution characteristic, first reported in (Ghioni et al., 1988) , and also evident in the 130nm implementation of (Niclass et al., 2007) . Fourthly, this structure has a minimum diameter limitation due to merging of the guard ring depletion region as the active region is reduced, illustrated in (Faramarzpour et al., 2008) . This limits the scalability of the structure for array implementation purposes. b. The enhancement mode structure, first introduced in the reach-through device of (Petrillo et al., 1984) , was employed in a hybrid diffused guard ring/enhancement structure (Ghioni et al., 1988) , and finally used without the diffused guard ring structure (Lacaita et al., 1989) , relying on a single central active region enhancement implant (with doping polarities reversed, and embedded in a dual layer P-epitaxial substrate), which is referred to as a 'virtual' guard ring structure. The benefits of this structure are significant. Firstly, the quasi neutral regions surrounding the guard ring are removed, and therefore the minority carrier diffusion tail is reduced resulting in improved timing resolution. Secondly the device does not suffer from depletion region merging when scaling down the active region diameter, easing the prospect of array implementations with fine spatial resolution. Both versions were recently repeated but with dual orientation, range of active areas and active quench circuits in a high voltage CMOS technology . c. An alternative implementation to the diffused guard ring is the merged implant guard ring, relying on the lateral diffusion of two closely spaced n-well regions, that creates a localised low-field region, preventing edge breakdown. This technique was demonstrated using only the standard layers available in a CMOS process (Pauchard et al., 2000a) . Whilst successful with 50Hz DCR, >20% PDE and 50ps timing resolution being reported (Rochas et al., 2001) , this design normally violates the standard design rules and is difficult to implement. Nevertheless the authors were successful in cointegrating quenching circuitry and forming small arrays in a 0.8μm CMOS process. d. Other guard ring ideas are based either on a metal or polysilicon control 'gate' biased appropriately to control the depth of the depletion region in the zone immediately beneath (Rochas, 2003c) , or on a 'floating guard ring' implant inserted near the edge of the active region in order to lower the electric field around the anode periphery (Xiao et al., 2007) . The gate bias method is relatively unproven compared to the more common guard ring implementations. This is an interesting solution since polysilicon is normally available to move STI out of the active region. The floating guard ring construction has parallels with the diffused guard ring construction: it lends itself to be employed with certain anode implant depths, but requires careful modelling to determine the optimum layout geometry and can be area inefficient. Implemented in a high voltage technology, it yielded SPADs with both low DCR and good timing resolution, albeit with a high breakdown voltage and an off-chip active quench circuit (Xiao et al., 2007) . e. The work of the research group at Politecnico di Milano has prioritised timing resolution as the key performance metric since early publications utilising the diffused guard ring structure (Cova et al., 1981) . This focus was maintained in the progression to devices implemented in a custom epitaxial layer (Ghioni et al., 1988) . It was observed that previously published devices exhibited a long diffusion tail in the timing response. This was due to minority carriers generated deep in the quasi-neutral regions beneath the SPAD reaching the depletion layer by diffusion. The single epitaxial layer devices helped to greatly reduce the diffusion tail by drawing away deep photo-generated minority carriers via the secondary epitaxial-substrate diode junction. This technique was taken further in the double-epitaxial structure (Lacaita et al., 1989) , and again in the more complex structure of (Lacaita et al., 1993b) . The goal of the 'double epitaxial' layer design was to reduce the thickness of quasi-neutral region below the SPAD in order to limit the diffusion tail whilst maintaining a high enough electric field to provide fast response without a high dark count penalty. In the more complex structure of (Lacaita et al., 1993b ) the buried p + layer was interrupted underneath the active region in order to locally fully deplete the main epitaxial layer by reverse biasing the substrate, for the purpose of eliminating diffusion carriers. Whilst resulting in unprecedented timing performance (35ps FWHM) with DCR of a few hundred Hertz for a 20μm diameter structure, the design required full customisation of the manufacturing process, resulting in limited co-integration capability. f. The shallow trench guard ring structure was first introduced in 0.18μm CMOS (Finkelstein et al., 2006a) . The main goal of this innovation was to increase FF and allow fine spatial resolution. The etched, oxide filled trench, that is a feature of deep submicron processes, is used as a physically blocking guard ring, so containing the high field zone in the active region. This structure was successful in addressing FF and potential pixel pitch, although only single devices were reported. However, the subsequent publication by the same author group (Finkelstein et al., 2006b ) revealed a very high DCR of 1MHz for a small diameter 7μm device. This was possibly caused by etching-induced crystal lattice defects and charge trapping associated with STI, as well as band-band tunnelling through the conventional p + /n-well diode junction. The same author group noted in (Hsu et al., 2009 ) that, despite the high dark count, the timing resolution characteristic was unspoiled by a diffusion tail due to reduced quasi-neutral field regions associated with implanted guard rings. Further, it was observed that increasing the active region diameter had no effect on the 27ps jitter, suggesting that these structures do not suffer from the lateral avalanche build up uncertainty. Additionally, the lower junction capacitance yields reduced dead time. There are two further related publications associated with the use of STI in SPADs. In (Niclass et al., 2007) the clash of STI with the sensitive active region is avoided by drawing 'dummy' polysilicon to move the etched trench to a safe distance away. This was progressed by (Gersbach et al., 2008) , applying a low doped p type implant around the STI interface. However, the DCR was still around 80kHz for an 8μm active region diameter and 1V of V EX . Timing performance remains acceptable for many applications at ~140ps.
Linear-mode APD
Commercial linear-mode silicon APDs evolved from the same precursors as SPADs and are nowadays a mature technology, with outstanding performances in terms of Quantum Efficiency, Noise Factor and Bandwidth. Several APD products are sold by big companies (APD producers) for applications requiring low-noise and high speed detection such as laser ranging, particle detection, molecule detection, optical communications, etc. Commercial APDs can have a peak quantum efficiency (QE) exceeding 80%, an excess noise factor F≈M 0.3 for reach-through devices and as low as F≈M 0.17 in the case of Slik TM devices fabricated by EG&G. APDs are commonly used for imaging by mechanical scanning as in the case of laser range finding or confocal microscopy. Only a few small APD arrays are currently present on the market, and the maximum number of devices in a single array is currently limited to 64 (8x8 module by RMD). From year 2000, several linear-mode APDs fabricated in CMOS technologies have appeared in the literature, in various technology nodes. Although their performance is still far from the one obtained with commercial APDs, their low cost and possibility of monolithic integration with readout electronics make them appealing in several application domains. Although both p + /n-well and n + /p-well structures have been presented, the former structure is preferred if an integrated readout is to be fabricated, because both photodiode terminal electrodes are available and low voltage circuits can be implemented. However, an n + on p substrate is also feasible, provided it is isolated by means of an n + buried layer as in the case of (Kim et al., 2008) . From the point of view of readout noise, an n + /p structure is favored for visible light wavelengths, because the avalanche is electron-initiated. This can be clearly observed comparing the two structures in (Stapels et al., 2007) , where p+/n-well APD has a noise 10 times higher than n+/p-sub APD. For wavelength shorter than about 400nm, however, an n + /p structure can be convenient and has a low noise factor. Passing from old 2μm technologies to 0.8μm and 0.35μm a positive trend is observed. While the breakdown voltage is reduced due to the higher doping levels, the noise also becomes generally lower. One of the reasons is that the ionization coefficient ratio k is closer to unity, so the noise due to hole initiated avalanche is lower, as can be observed comparing the p+/n structures in (Biber et al., 2001) and (Stapels et al., 2007) . When the doping levels are even higher, the width of the multiplication region is reduced and standard McIntyre theory is no longer adequate to describe the avalanche process because of the dead space effect (Hayat et al., 1992) . In this case, the noise factor becomes lower than the one predicted by standard model both for electron-and hole-initiated avalanche, as observed in (Pancheri et al., 2008) . The positive trend in noise as technology is scaled is, however, accompanied by a reduction of quantum efficiency due to the reduced absorption region depth and an increase of dark current due to the contribution of tunneling.
CMOS APDs are appealing for short distance communications because of their large bandwidth, exceeding 1GHz. A few successful examples of CMOS APDs in 0.18μm technology have been reported (Iiyama et al., 2009; Huang et al., 2007; Kang et al., 2007) , w i t h b a n d w i d t h f i g u r e s u p t o 2 . 6 G H z a n d g o o d d a r k c u r r e n t s , i n t h e n A r a n g e . Nevertheless, the STI used for guard ring implementation can be inefficient for devices with deeper junctions, resulting in much higher dark currents (Huang et al., 2007) .
Design and characterization of advanced CMOS avalanche photodiodes 5.1 Geiger-mode APD (SPAD) (a) High fill factor linear array in a standard 0.35μm CMOS technology
One of the main drawbacks in SPAD arrays presented so far is the low FF, which is in the order of some percent in the best cases. Even if microlens arrays can be used to improve FF, their use is subject to a series of technological constraints. Therefore, a reasonably good FF is important even if the use of optical concentrators is foreseen. There are at least three aspects that limit the FF: the guard ring, the need to reduce optical cross-talk between neighbouring pixels and the size of the readout channel, that needs to be much larger than 3T topology used in standard active pixels. We have started tackling this problem with a 4 line array, fabricated in 0.35μm CMOS technology (Pancheri & Stoppa, 2009 ). The SPAD array was a 64x4 array, with the 4 devices in a column sharing the same digital readout channel. In order to improve the FF as much as possible, SPADs have a square geometry with rounded corners, and have been implemented in a shared deep n-well. A schematic cross section and a micrograph of the SPAD array are shown in Fig. 3 , and a summary of the main characteristics of the SPADs is reported in Table 2 . A remarkable 34% FF is obtained, which could easily be doubled with the use of optical concentrators. More than 80% of the SPADs have a dark count rate of approximately 1kHz, while the remaining 20% have increasingly larger dark counts, a small percentage exceeding 100 kHz. In addition to the characteristics of single SPADs, in arrays it is important to consider also PDP non-uniformity and cross talk between pixels. To measure the first one, we have used a uniform incident light onto the SPAD array by using a stabilized lamp and an optical diffuser. Light intensity was adjusted to obtain count rates below 10% of the maximum SPAD count rate, so as to avoid saturation effects. Dark count rate was subtracted from the recorded counts to take into account only the optically www.intechopen.com generated photons. A non-uniformity lower than 2% was measured at V ex = 4V, which is remarkably good for this kind of device. Cross talk was evaluated by measuring the DCR variation of a low-DCR SPAD (SL) in the neighborhood of a high-DCR SPAD (SH). When SH is enabled, a DCR increase of about 1% of the DCR of SH is observed in SL because of optical cross talk effect. A further effort to increase the FF would increase the cross-talk to higher levels and have a negative impact for the array performance. The active region is generally defined between the p + source-drain implant and n-well used to define the bulk of the PMOS transistors. These implants have increased in doping density and the breakdown mechanism in many structures in 0.18μm and 0.13μm has switched to tunneling. A further challenge is the presence of shallow trench isolation for isolation of NMOS transistors from the substrate noise. The first attempts to define a low DCR SPAD with these technologies, summarized in Section 4, whilst providing good timing characteristics, still suffered from poor DCR performance. A low-DCR SPAD structure is proposed here which largely attenuates the tunneling problem of the p + /n-well junction by constructing the deep anode from p-well (contacted by p + ) in conjunction with the buried n-well. The resulting SPAD represents an alternative to that reported in (Richardson et al., 2009a) , showing outstanding noise performance. A further novelty in this structure is that the cathode and a new guard ring structure are formed simultaneously by the use of buried n-well without n-well. This latter technique requires a drawn p-well blocking layer to inhibit the automatic generation of p-well as the negative of n-well by the CAD mask Boolean operation. The result is a progressively graded doping profile in the guard ring region, reducing in concentration near the substrate surface, as indicated by the shading of the buried n-well zone in Fig. 4(a) . This lowers the electric field at the periphery in comparison to the main p-n junction, as shown in the simulated plot of Fig. 4(b) . The guard ring zone can be kept free of STI by using a poly ring around the periphery defining a thin oxide region. STI formation is known to introduce defects and crystal lattice stresses which cause high DCR so it is normally important to move the trench away from the main diode p-n junction. Finally, the connection to the buried n-well cathode is implemented by contacting to drawn n + and n-well at the outer edge. An attractive property of this p-well SPAD structure is that it can be implemented in any standard digital triple-well CMOS technology. SPADs implemented at older process nodes have required low-doped wells only found in more costly high voltage technologies. -15 -14.8 -14.6 -14.4 -14.2 -14 -13.8 -13.6 -13.4 -13.2 -13 -Voltage (V)
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A 0deg C The characterisation results for an 8μm active diameter SPAD implemented in a 0.13μm CMOS image sensor process according to the previous construction are now discussed. Figure 5(a) shows the current-voltage characteristics at three different temperatures: the breakdown knee occurs at 14.3V, in very close agreement with TCAD simulation (14.4V), and with 83pA of dark current at breakdown. The variation of the breakdown voltage over temperature is +3.3mV/°C, indicating that the breakdown mechanism is avalanche (Sze & Ng, 2007) . Dark count rate is reported in Figs. 5(b) and 5(c): the first graph set shows that this detector has a very low dark count rate with the expected exponential relationship between DCR and excess bias; the second graph set shows the dark count rate is dominated by thermal carrier generation at temperatures larger than 5°, the DCR values doubling every 7-8 degrees, whereas at lower temperatures the reduced slope indicates that tunnelling starts to be non negligible. Also afterpulsing (not shown) is very low, in the order of 0.02%. This is in line with the low junction capacitance and photoelectric gain of the considered SPAD.
Furthermore, the implementation of this detector design in a 32x32 array as part of the MEGAFRAME Project (MEGAFRAME) provided the opportunity for analysis of DCR population distribution for 1024 elements, as shown in Fig. 6 . The detector had the same structure as those above but a slightly smaller active region of 7μm diameter. It can be seen that the population splits roughly into two groups: those with low DCR well below 100Hz, and those with higher DCR up to 10 kHz. The split ratio is ~80:20. All 1024 SPADs were functional. The impact on DCR by increased excess bias is evident from the two traces in Fig. 6 .
1.E+00 Fig. 7 . Electro-optical characteristics of p-well buried n-well SPAD: (a) photon detection efficiency as a function of wavelength at three different excess bias voltages; (b) time jitter measured at 470nm wavelength at the same three excess bias voltages. Fig. 7(a) shows the photon detection efficiency as a function of the wavelength. As expected, PDE improves with the excess bias voltage at all wavelengths. The deeper p-well junction of this SPAD results into a peak at around 500nm (green) rather than 450nm of more conventional p + /n-well SPADs. The peak value at 1.2 V excess bias voltage is about 28%. PDE curves extend beyond 800nm where values ~6% are still observed at higher excess bias.
The increased response in the near infra-red is useful for several applications, among them time-of-flight 3D range sensing applications. The perturbations in the response are due to constructive/destructive interference patterns caused by the dielectric stack above the detector, which consists of several different materials with varying refractive indices. Fig. 7(b) shows the timing histograms measured at 470nm wavelength and at the same excess bias voltages as in Fig. 7(a) . Timing resolution is measured as the FWHM of the distributions. Its values are 199 ps, 192 ps, and 184 ps, at low, mid, and high excess bias voltage, respectively. A distinct, exponential tail extends for around 1ns after the peak, evidence of a diffusion related timing delay. Table 3 shows a performance comparison for SPADs fabricated in 130nm CMOS technologies. As can be seen, a dramatic improvement in DCR can be achieved by adopting proper implant layers which lower the electric field, at the expense of a degradation in the jitter, that however remains good enough for most applications.
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Linear-mode APD
In order to implement APD-based pixels with integrated low-voltage readout channels, both terminals of the photodiode must be available: one to apply a high voltage and the other to connect the readout channel. This restricts the choice of the structure to the p+/n-well type (although also n + /floating p-well would be feasible). With technology scaling, the well doping levels are steadily increasing to allow the integration of smaller-size MOSFETs. Therefore, APDs fabricated in standard wells would have decreasing breakdown voltages and increasing tunneling dark currents when migrating the design to more advanced technology nodes. However, in High Voltage processes, a larger choice of layers with different doping levels are available, and can be exploited in the realization of APDs, both to obtain an efficient guard ring and a suitable doping for the multiplication region. The High Voltage option can then enable the fabrication of APDs also in deep sub-micron technologies. One key aspect to understand is how the noise factor scales with technology. Unfortunately, there are only a few examples of noise-characterized CMOS APDs in the literature, so that only some basic guidelines can be drawn. Fig. 8 shows the measured noise factor for two p + /n-well APDs fabricated in two different technologies. The APD in Fig.8(a) , fabricated in a 0.7μm High Voltage technology, has a breakdown voltage of 20.8V, and exhibits a low noise factor at low wavelengths because of electron-initiated avalanche. At higher wavelengths, however, noise increases considerably due to the hole-initiated avalanche noise. The measurements are in good agreement with
McIntyre noise theory, considering an ionization ratio k=0.2. The device of Fig. 8(b) , fabricated in 0.35μm CMOS technology, exhibits low noise also in the case of hole-initiated avalanche. The measured noise does not correspond to the one predicted by McIntyre theory because of the dead-space effect. This device is therefore more suitable for imaging applications in the visible spectral region. A further improvement in the noise factor could be given by n + on floating p-well, which would combine the low noise of electron initiated avalanche with the requirement to access both device terminals. However, for this device structure, there is no experimental noise characterization available so far. Fig. 9 . Gain uniformity between 0.35μm CMOS APDs fabricated on the same die and on different dies in the same production batch.
In the implementation of avalanche photodiode arrays, an important factor to take into account is gain uniformity. As multiplication gain increases, the voltage range allowing a tolerable gain variation progressively reduces. Therefore, if small non-uniformities between different APDs can be corrected via pixel-by-pixel calibration, large non-uniformities are detrimental to the correct operation of the array. In order to evaluate the uniformity of APDs made on the same die, a small set of identical APDs, whose characteristics were reported in (Pancheri et al., 2008) , were fabricated in a 0.35μm CMOS technology. For every APD in the die and for several dies, the gain was measured as a function of voltage. Gain nonuniformity, expressed as standard deviation, is reported as a function of average gain in Fig.  9 . It can be observed that the gain non-uniformity of APDs fabricated on different dies (in the same production batch) is 10 times higher than the non-uniformity of gains for APDs belonging to the same die. In this last case, a non-uniformity better than 1% is achieved for a gain M=40. This demonstrates the feasibility of linear-mode APD arrays in that specific technology.
Integrated read-out channels for SPADs
Two basic circuit elements are required to read-out a SPAD: i) a quench circuit to detect and stop the avalanche event, followed by restoration of bias conditions; ii) a buffer to isolate the SPAD from the capacitance of external processing electronics. The integration of more complex processing and support circuits such as time-to-digital conversion, gated ripple counters and charge pumps is the subject of much recent research Richardson et al., 2009b; Guerrieri et al., 2010) . However, as the main properties of the optical system are set by the choice of quench circuit and associated biasing arrangement for the SPAD we will focus on these aspects in more detail.
(a) SPAD Orientation Options
Since a SPAD is a two terminal diode, operated at an excess bias potential beyond its breakdown voltage, it may be oriented in two ways; either with a negative potential on the anode, or positive on the cathode. As previously discussed, it is desirable to minimise detector dead time and charge flow quantity during an avalanche event. The optimal connectivity to permit this depends on the parasitic capacitances which are specific to the diode construction which has been implemented. To illustrate this point, two possible passive quench configurations are shown in Fig. 10 for a SPAD implemented within a deep n-well, p-substrate technology such as that of (Pauchard et al., 2000b ) Fig. 10(a) shows a large negative voltage applied to the anode, with a much smaller positive excess bias applied via the passive quench PMOS to the cathode. Fig. 10(b) employs an NMOS quench component with source connected to ground potential, and a large positive bias potential V bias_total applied to the SPAD cathode. In both cases the key moving 'sense' node of the circuit is at the buffer/comparator input terminal. The time domain output signal is determined by the threshold voltage of the buffer, the SPAD excess bias voltage and recharge time constant. In configuration (a) the cathode is the moving node and therefore the additional capacitance of the n-well to p-substrate parasitic diode (C nwell ) must also be charged and discharged during the detector operating cycle. As well as contributing to the lengthening of detector dead time due to the increased RC load, this adds to the volume of charge flow through the detector, so increasing probability of afterpulsing. Configuration (a) also places a limitation on the maximum negative V breakdown that can be applied without forward biasing the n-well p-substrate junction. The maximum voltage V ex that can be applied is determined by the transistor gate-oxide breakdown voltages, typically 3.3V for thick oxide devices. Thus voltages beyond V breakdown + V ex + V diode across the SPAD will induce a latch-up behaviour where the buffer input voltage will transit below -V diode drawing current from the substrate ground potential through the forward biased parasitic diode. In the case of the 'flipped' configuration (b) the anode of the detector is the moving node, and therefore there is only the charging of the SPAD junction capacitance to consider. Importantly, this permits the sharing of n-well regions by multiple elements within an array implementation leading to reduced pixel pitches and improved fill factor. However, it should be noted that it is common for the mobility of an NMOS transistor channel to be higher than PMOS in deep submicron processes (the intrinsic conductivity K p can be typically ¼ of K n ), which leads to a larger equivalent area used when compared to a PMOS implementation for the same target quench resistance. Configuration (b) will only operate correctly as a SPAD provided the voltage applied to the SPAD active region V bias_total = V breakdown + V ex is lower than the breakdown voltage of the parasitic n-well/p-substrate or n-well/p-well peripheral diodes. Indeed the n-well of these parasitic diodes can act as the base of a parasitic bipolar transistor inducing a latch-up condition and so the resistivity of the buried n-well is of concern. Regardless of orientation, for reliability reasons it is vital not to exceed the maximum gate oxide potential of the output buffer otherwise permanent damage can occur. For this reason it is common to employ thick gate oxide transistors for this circuit if available in the target technology. A clamping diode may be used in configuration (b) to ensure safe operating region of the buffer transistors are respected. Both orientations are prevalent in the published literature, for example implementing configuration (b), and , and (Niclass, 2008 ). Yet more bias options are shown in Fig.11(a) and (b) where the SPAD is capacitively coupled to the output buffer and quenched by a passive resistor. The resistors can be conveniently made from high ohmic polysilicon and the capacitors by metal-metal finger (MOM) capacitors paying attention to the dielectric reliability at the high voltages. Such circuits decouple the d.c. bias conditions of the SPAD from those at the input of the digital buffer (fixed by M keep ). Only the pulse of the SPAD is transferred to the output. The capacitor C ls must be chosen such that capacitive division by the input capacitance of the buffer does not attenuate the SPAD pulse below the minimum required by the buffer trigger threshold. In practice, C ls can easily be as small as a few femto Farads. The circuit of Fig. 11(a) allows the p-well of the SPAD to be biased at ground potential (in common with all NMOS p-wells). The circuit of Fig. 11(b) allows the moving node of the SPAD to be the lower capacitance pwell while the n-well is biased at a low voltage avoiding breakdown issues with n-well/psubstrate junctions. These floating circuits also permit a differential bias arrangement whereby V bias_pos and V bias_neg are set to +V bias_total /2 and -V bias_total /2 respectively. This minimises the stress on the parasitic wells and eases power supply generation. 
(b) Quench Resistor Optimisation
Incorrectly sized passive quench circuitry can result in undesirable circuit operation, such as lengthy and inconsistent dead times. This introduces noise, imposes severe dynamic range limitations, particularly impacting photon counting applications and those employing gated counters such as ranging, 3D cameras and fluorescence lifetime imaging microscopy (FLIM). The p-well to buried n-well diode and parasitic n-well to p-substrate diodes are often modelled in foundry technology information allowing extraction of junction capacitance. Parasitic capacitive elements of the quench circuit can be predicted using layout-vsschematics (LVS) extraction tools. This means that the passive quench MOS element can be sized appropriately for linear mode operation, and accurate simulations performed. This optimisation process is illustrated in Fig. 12. Fig. 12(a) shows the basic passive quench circuit, parasitic elements and waveforms. Fig. 12(b) shows how noise can cause increased dead time variation in a non-optimised system. In an optimised configuration the crossing of the inverter threshold (V th ) is performed at a steep gradient. Noise on the moving node results in variation of dead time τ 1 at the inverter output. If the passive quench element W/L ratio is too small, the extended RC recharge time degrades noise immunity and results in a higher dead time variation τ 2 . In the most basic configuration the gate of the PMOS passive quench element is simply grounded. Under the aforementioned non-optimal circumstances a small negative voltage can be applied to the gate of the PMOS transistor but this is considered an undesirable complication. Similarly, in the case of an undersized PMOS element, a positive voltage must be applied to its gate to ensure an output pulse is generated. In a low voltage process, with comparatively low overall excess bias conditions, for the bulk of the quenching and reset cycle the PMOS element is mainly operating in linear mode, with a brief entry into saturation (see Fig. 12(b) ). Thus, equations (1), (2), and (3) can be applied to optimise the passive quench element aspect ratio: 
For a parasitic capacitance C tot = 50fF, V ex =1.2V and inverter threshold V th =0.6V, for a dead time of 20ns and a PMOS passive quench element with K p = 30 μA/V 2 , equations yield: R quench ≈400kΩ, Id=0.6μA, and (W/L)=1/8. Therefore for a 0.35μm width, grounded gate PMOS transistor, length L should be ~2.7μm to meet the above specification.
Conclusion
We have reported on CMOS avalanche photodiodes, reviewing the most significant devices so far proposed in the literature and discussing selected results from our research activities and relevant to both Geiger-mode and linear-mode APDs. In spite of the technological constraints and design rule restrictions in advanced manufacturing processes, smart design solutions for SPADs and the read-out electronics exist that allow very for good performance even in the 130nm CMOS technological node, thus paving the way to new application fields for high resolution, SPAD based image sensors. As far as linear-mode CMOS APD are concerned, although these devices have not been developed to the same extent as SPADs, our results demonstrate that acceptable excess noise figures can be achieved at moderate gain even at relatively large wavelengths. Moreover, the spatial uniformity of the gain is found to be reasonably good in devices from the same die, so that the design of APD based pixel arrays for high-sensitivity imaging can be envisioned. 
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